In investigating the reasons for the greater susceptibility of upper respiratory tissue of ferrets to influenza virus infection, comparisons were made of the early events in virus replication in organ cultures of fresh lung (low susceptibility) and fresh nasal turbinates and maintained lung (high susceptibility). The lower susceptibility of flesh lung was reflected in a higher minimal infectious dose (MIDs0) and lower virus yields at 24 h except with very high inocula when yields for the three tissues were similar.
In investigating the reasons for the greater susceptibility of upper respiratory tissue of ferrets to influenza virus infection, comparisons were made of the early events in virus replication in organ cultures of fresh lung (low susceptibility) and fresh nasal turbinates and maintained lung (high susceptibility). The lower susceptibility of flesh lung was reflected in a higher minimal infectious dose (MIDs0) and lower virus yields at 24 h except with very high inocula when yields for the three tissues were similar.
Fresh and maintained lung had similar quantities of alveolar surfactant. Extracts of fresh lung had only weak inhibitory activity on virus replication in organ cultures of all three tissues. Virus adsorption to organ cultures was similar for the three tissues and equal to that shown by frozen and thawed tissue. Estimates of virus particles adsorbed to a standard length of cell membrane in electron micrographs, indicated some differences in numbers of virus receptors on different ceils and an increase of receptors with maintenance. However, this occurred for nasal turbinates as well as for lung; thus the differences in receptors did not correlate with the differences in susceptibilities between the tissues. The proportions and numbers of susceptible cells were similar for the various tissues in cell suspensions prepared by two methods from organ cultures inoculated with high virus inocula and stained with fluorescent antibody. With small inocula, which resulted in large differences in virus yield at 24 h from the three tissues, the numbers of cells initially infected were only slightly different. This indicated that the differences in susceptibility were not primarily determined by differences in initiation of infection of susceptible cells. It is suggested that the quantity or quality of virus released at the first cycle, in relation to the ease of initiating the second cycle of infection, is the dominant factor in tissue susceptibility. INTRODUCTION [abbreviation, A2M] replicated predominantly in the upper respiratory tract of ferrets paralleling the disease in man. The differences in tissue specificity of the respiratory tissues were retained in organ cultures, virus replicating more rapidly and to higher titres in nasal turbinates than in lung and trachea (Basarab & Smith, i969, I97O; Toms, Rosztoczy & Smith, 1974) . However, the magnitude of the in vivo * Present address: Department of Molecular Biology, University of Edinburgh, Scotland. differences was reflected only when organ cultures were inoculated immediately. When tissues were maintained for 24 h in vitro the susceptibility of lower respiratory tissues increased, approaching that of nasal turbinates (Kingsman, Toms & Smith, 1977) . The increase in susceptibility of lung tissue happened rapidly, hence the factors which determined the lower yields from fresh cultures were probably operative only during the first cycle of infection. Further analysis of the factors which determine localization in the upper respiratory tract might benefit not only from a comparison of virus interactions in fresh organ cultures of lung with those occurring in fresh nasal turbinates, but also with those in maintained cultures of lung. The latter comparison might be particularly valuable since the two tissues are practically identical except for the differing susceptibilities, although the factors responsible for the higher susceptibility of maintained lung may not necessarily be the same as those responsible for the higher susceptibility of flesh nasal turbinates. This paper describes comparisons of the various organ cultures in relation to minimal infectious doses, dose-response curves, possible inhibitors in extracts of tissues, virus adsorption to susceptible cells, the proportions and total numbers of susceptible cells and the proportions of cells infected with low virus inocula.
Influenza virus A[Moscow]Ioi9]65/(H2N~)

METHODS
Strain of influenza virus.
The strain A/Moscow/io19/65/(H2N2) [A~M] and preparation of stocks were described by Kingsman et al. (I977) .
Infectivity [5o ~ egg bit infectious dose (EBIDso)], haemagglutination (HA) and haemagglutination-inhibition (HI) assays. These were described by Toms et al. (1974) .
Ferrets and organ cultures. These were described by Kingsman et al. (1977) . The inocula of organ cultures are described in Results. Organ cultures are designated 'fresh' if they were inoculated as soon as possible after removal from the animal and 'maintained' if cultured for 24 h before inoculation.
Determination of 5o % minimal infectious dose (MIDso).
The procedure was based on that of Toms et aL (1974) but virus was adsorbed at 37 °C in organ culture dishes. A range of inocula was used and removed after I h by rinsing three times with organ culture medium (1.5 ml). Culture fluids were harvested for assay every 24 h up to 96 h. Control experiments with dead tissue and insusceptible tissue showed that less than 1.o log10 EBIDs0 of the inocula remained after 24 h.
Measurement of alveolar surfactant. This was done by the method of Pattle (I965). Organ cultures of lung were inflated by injection of air with a syringe and needle. Air bubbles were then squeezed from the tissue into a drop of aerated distilled water on a greased glass coverslip. In a hanging-drop preparation, a field containing 15 or more bubbles of 40 to 6o/zm diam. was photographed immediately and after 2o min. The decrease in bubble size with time reflected the amount of surfactant. Mean initial and final bubble diameters were obtained and the stability ratio (final surface area/initial surface area) was calculated.
Investigation of tissue extracts for inhibitory activity. Organ culture pieces (2o or 60 in I ml medium) were homogenized in organ culture medium buffered with 25 mM-Hepes (Wellcome Reagents Ltd, Kent) in an Omnimixer (Sorvall Ltd, Conn., U.S.A.) at 4 °C for two 3o s bursts. After removing coarse debris by centrifuging at 3oo g for IO min at 4 °C, supernatant fluids were clarified at 10ooo g for 3o min at 4 °C filtered through Millipore membrane (pore diam. o.22 #m) and stored at -20 °C. The thawed extracts from fresh and maintained lung and from fresh nasal turbinates were added to all three organ cultures 2 h (1.5 ml extract to each dish) before inoculation in the presence of the extract. After 3 h at 37 °C the extracts and medium were removed and the cultures rinsed three times with fresh Tissue specificity of influenza virus 26I medium (I"5 ml). Fresh medium (I"5 ml) was added and virus yield measured after 24 h incubation.
Adsorption of virus to organ cultures.
A low inoculum (4"6 log10 EBIDs0/dish) was used because it produced the largest differences between the tissues in virus yield at 24 h. A low temperature (4 °C) was used to limit penetration. Six pre-cooled culture pieces were inoculated with virus in 0"5 ml organ culture medium at 4 °C. After 5, 6o, I2o and 24o min the medium was removed and stored at -7o °C with an equal vol. of I ~ (w/v) bovine serum albumin (BSA) in culture medium. After removal of medium the pieces were washed (3 to 5 vigorous rinses with 5 ml of organ culture medium) and stored at -7o °C with I ml of I ~ BSA in organ culture medium. When required for assay the thawed pieces were homogenized as described by Toms et al. (I974) .
Estimates of v&us adsorption to susceptible cells by electron microscopy. Organ culture pieces (Io to I5) on a scratched Petri dish were cooled for I h at 4 °C and treated with o.I ml of a concentrated suspension of virus (9"2 logx0 EBIDs0; 1oooo HA units) for 2 h at 4 °C. Cultures were then washed (5 changes of 1.5 ml medium with vigorous shaking) and thin sections were examined in the electron microscope. The tissues were fixed in 2 ~ (w/v) glutaraldehyde in 0"o5 M-phosphate buffer, pH 7"6 (o.2 M-KH~PO4, 5o ml; o.2 M-NaOH, 39 ml; diluted to zoo ml) containing sucrose at a final concentration of o'o5 M for ao min at 4 °C and then in osmium tetroxide (2 ~, w/v, EMscope Ltd, London) in o.I M-phosphate buffer containing sucrose at a final concentration of o.I M for ~ to 4 h at 4 °C. Fixed tissues were transferred to cold 70 ~ ethanol, raised to room temperature, washed in dry ethanol and embedded in equal parts of a-epoxy-propane and Spurr resin (Taab Labs., Reading). Sections (8o to 90 #m) of the infected culture edges (Kingsman et al. I977) on Formvar (o.I6 ~, EMscope Ltd, London) coated copper grids were stained with 3o ~ (w/v) freshly prepared uranyl acetate and lead citrate (Reynolds, 1963) and examined in a Philips 2oi electron microscope. Representative areas of particular cell types were photographed at low magnification. Then the number of virus particles attached to the cell membrane between two landmarks was counted at higher magnification on the microscope, and the distance measured on the photograph by a map measuring wheel. Adsorbed virus could then be represented as virions per unit length of membrane (about IO #m). When cells had ciliated or microvillous surfaces the membrane measurement was taken at their base. This method can provide only a rough estimate of the amount of virus adsorbed because the convolutions of the surface are disregarded. However, it should indicate whether or not virus adsorption by susceptible cells is grossly different.
Estimation of numbers of infected cells in organ cultures by fluorescent antibody techniques.
After infection with high (when the total numbers of susceptible cells were required) or low inocula of virus and allowing one cycle of replication to take place, infected cells were distinguished from uninfected cells by fluorescent antibody staining using the methods described previously (Kingsman et al. I977) . The inocula for organ cultures and incubation times are described in Results. After incubation the cells were sampled by two methods. In the first method, which gave an estimate of the proportion of susceptible cells but not of the total cells on the culture surface, the upper surface of the organ culture was pressed firmly on to a clean glass slide; upon removal of the organ culture the cells adhered to the slide as a surface impression (Blaskovic, Rhodes & Labzoffsky, I972) . The second method involved dispersing the surfaces of the tissue pieces into cell suspensions and allowed assessment of the total numbers of infected cells on the surface of six organ culture pieces. Cell suspensions were prepared by treating six culture pieces with I ml of the solution of EDTA at pH 6.8 described by Nairn (I969) for Io min at room temperature. The tissue pieces were teased apart with needles. This removed the surface cells into suspension and a non-dispersed central piece of tissue remained. The resulting cell suspension was taken into a syringe (27 g needle) and the cells dispersed gently by sucking up and down. Cells were sedimented (2ooo g, IO min, room temperature) and after removal of the supernatant fluid, the cells were resuspended in a known volume of suspending fluid (about 0"25 ml). The total number of cells in the cell suspension was counted in a haemocytometer and for differential counts one drop was placed on a clean slide.
For both impression and suspension methods infected and total cells were counted as follows. After staining with fluorescent antibody, total cells and fluorescent ones were counted in consecutive areas covered by a I cm 2 grid in an eye piece graticule. At least 25 areas were counted at 20o x magnification for each organ culture or treatment. Three tissue pieces were examined from separate dishes by the impression method, or at least four suspension preparations each made from six pieces of tissue were counted. For the cell suspension method, when the proportions of susceptible cells were known, the total numbers of susceptible cells in six organ culture pieces could be estimated from the counts of the total cells.
RESULTS
Minimal infectious doses (MIDso) for fresh and maintained organ cultures of lung and nasal turbinates
These results confirmed the increase in susceptibility of lung tissue with maintenance (Kingsman et al. I977) . When the presence of virus at 96 h after inoculation was used as the criterion of infection (Table I) , there were significant differences in MIDs0 between fresh and maintained lung (P < o.o5) and between fresh lung and fresh nasal turbinates (P < o.o I). The MIDso of nasal turbinates did not change significantly with maintenance, so the differences in MIDs0 between maintained lung and nasal turbinates were smaller than those between the fresh tissues. When virus detection at 24 h was used as the criterion of infection (Table I) , the results showed the same pattern and the magnitude of the difference between fresh and maintained lung was similar. However, as might be expected, the absolute values for MIDs0 were higher for both lung and nasal turbinates. Virus, present at 24 h after inoculation but undetectable by the assay, had multiplied sufficiently for detection at 96 h. The relation between fresh and maintained lung was the same by both criteria of infection. Hence, any low levels of residual virus in fresh lung organ cultures were not able to exploit the increasing susceptibility of the tissue to reduce the MIDso effectively when the more sensitive criterion of infection up to 96 h was used.
Dose-response curves for fresh and maintained organ cultures of lung and nasal turbinates
The yields of virus 24 h post-inoculation (p.i.) for different doses (0.6 log10 to 6.6 log10 EBIDso) of virus for fresh and maintained organ cultures of lung and nasal turbinates are shown in Fig. I . At low inocula (2.6 log10 EBIDso) infection occurred in nasal turbinates and maintained lung but not in fresh lung, restating the differences in MIDso described above. Over a range of higher inocula (2.6 to 5-6 logxo EBIDso) virus yields from fresh and maintained nasal turbinates and maintained lung were significantly higher than for fresh lung. With inocula of 4"6 loglo EBIDso and greater, virus yields from fresh and maintained nasal turbinates and maintained lung reached the same maximum, which was eventually attained from fresh lung but only with an inoculum of 6.6 logxo EBIDs0. Thus, assuming maximum yield was determined by the same factors in all four cultures, fresh lung had the same capacity for virus production as the more susceptible tissues but at lower inocula did not express this capacity.
Investigation of fresh organ cultures of lung for possible inhibitors of virus replication
Mucus may inhibit virus infection (Burrows, 1972 ) but a mucus blanket could not be seen even on fresh organ cultures and no differential distribution of mucus related to susceptibility was observed (Kingsman et al. 1977 )-Lung alveolar surfactant was another possible inhibitor of infection (Rylander, 1973) which might have been lost on maintenance. However, electron microscopy of type II alveolar cells showed surfactant production in fresh and maintained cultures; and measurement of surfactant by the alveolar micro-bubble stability ratio (Table 2) showed that the amounts of surfactant in fresh and maintained lung were similar. This indicated continuous synthesis of surfactant in organ culture as its half life is IO h (Goerke, I974).
Extracts of fresh lung appeared to have some inhibitory activity on virus yields from organ cultures of fresh and maintained lung and fresh nasal turbinates (Table 3) . However, the effect was small; although for six of seven organ cultures (each consisting of at least four replicate dishes) treated with the fresh lung extract in the two experiments (Table 3) , the mean yields were lower than mean yields from control cultures; in no instance was the difference significant. Yields of virus from fresh lung were not enhanced by extracts of maintained lung or fresh nasal turbinates. In summary, a slight inhibitory effect was detected in extracts of the less susceptible tissue -fresh lung, and no enhancing effect was found in extracts of the two more susceptible tissues.
Adsorption of virus to organ cultures
There were no differences in the amounts (3"o to 3"5 log10 EBIDs0) of virus adsorbed in 5, 6o or z4o min by fresh and maintained lung, fresh nasal turbinates, frozen and thawed lung and an insusceptible tissue, aorta. About Io % of the inoculum (4"6 log10 EBIDs0) became tissue-associated. It appears that differences in tissue specificity were not determined by differences in virus adsorption but adsorption to whole organ cultures might not reflect adsorption to susceptible cells within them.
Estimates of virus adsorption to susceptible cells
An indication of the amount of virus adsorbed to susceptible cells was obtained by counting the number of virus particles seen in electronmicrographs along a standard length (about zo #m) of the membranes of susceptible cells. "21) t Extracts A equivalent to 20 organ culture pieces per ml; extracts B equivalent to 60 organ culture,'pieces per ml; I'5 ml were applied to the cultures.
~: --, Not done. I" In Expt. I the low values are due to sampling at 8 rather than lo h and the multiplicity dependent delay at the low inoculum (see text).
Goblet cells were emptying in maintained tissue (cf. Kingsman et al. I977) and there was no continuous mucus blanket over either lung or nasal cells.
Different cell types in the fresh tissues bound different amounts of virus (Table 4 ) but the differences were not large. Adsorption of virus to nasal cells was not unduly different from that to lung cells which were much less susceptible to infection. Maintenance produced a two-to fivefold increase in adsori6~ion to all the cells examined, the increase being as marked for nasal cells as for lung cells.
The proportions and numbers of susceptible cells in organ cultures
The different susceptibilities of fresh and maintained tissues might have been due to different concentrations of susceptible cells in the total accessible population, which probably did not vary much between lung and nasal turbinates and certainly not between fresh and maintained tissues. A lower proportion of susceptible cells would reduce the probability of virus contacting them and also reduce the total virus yield. Organ cultures were infected with a high inoculum (6.6 to 7"6 lOgl0 EBIDs0) which produced maximum yields of virus after 24 h incubation (Fig. I ) and probably infected all accessible susceptible cells. After 8 h incubation, when one cycle of infection had taken place in all tissues as indicated by maximum fluorescent staining and intracellular antigen distribution, the proportions of susceptible cells were estimated. The two techniques described in Methods produced similar results (Tables 5 and 6 ). In all cases, the susceptible cells were less than 26 ~ of the total. There was little difference between fresh and maintained lung, values for the latter tended to be higher but only significantly (P < o'o5) in experiments I of both Tables 5 and 6. The proportion of susceptible cells in the nasal turbinates was consistently and significantly (P < o'o5) higher than lung but by less than twofold.
Using the cell suspension technique the mean numbers of cells obtained from six organ culture pieces were 2.2 x io 5 for lung and I.O X IO 5 for nasal turbinates, with maintenance having no significant effect and similar numbers being obtained from uninfected cultures. All the cell types infected in tissue sections (Kingsman et al. 1977) were in the cell suspensions, suggesting non-selective sampling of cells. The total number of infected cells in samples from six pieces of fresh and maintained lung and nasal turbinates was I.O to 3"4 x Io 4 cells and there were no marked differences between the tissues.
The proportions of cells infected at low inocula
If the low susceptibility of fresh lung was due to a low probability of virus reaching cells and initiating infection, then at low inocula where differences of virus yield at 24 h were marked, fewer cells should have been infected in fresh lung than in maintained lung and fresh nasal turbinates. Organ cultures were inoculated with 4"6 log10 EBIDs0 and 5"6 log10 EBIDs0 per dish and the proportions of susceptible cells were counted by the cell suspension technique after IO h (8 h in experiment I) incubation. When fiigh inocula were used the first cycle of infection was complete by 8 h. However, tissues were incubated for 2 h longer because at lower inocula intracellular staining developed more slowly. This multiplicitydependent delay occurred equally in all tissues and has been observed previously (Cairns, I957; Wheelock & Tamm, ~96I) . The proportion of infected cells was lower for fresh lung than for maintained lung and fresh nasal turbinates (Table 7) , although differences were not statistically significant. Hence, there appeared to be some differences in the ease of initiation of infection corresponding with the different susceptibilities, but it was not marked. Table I ) because of a lower probability of virus reaching susceptible cells and initiating the first cycle of infection. There was no evidence of a barrier preventing initial infection. Mucus appeared unimportant (Kingsman et al. I977) and alveolar surfactant was present in equal amounts in fresh and maintained lung (Table 2) . Furthermore, electron microscopy and fluorescent antibody studies (Kingsman et al. I977) indicated that susceptible cells were readily accessible in all cultures.
Virus adsorption to organ cultures of all tissues was similar, supporting the results of previous adsorption studies (Toms et al. ~974) with higher inocula at 37 °C when only I was adsorbed compared with IO ~ in the present study. Electron microscopy showed virus adsorbed to susceptible cells and cell debris in all tissues. Cell membranes of fresh nasal turbinates appeared to contain more receptors per unit length than membranes of alveolar type I and II lung cells (Table 4 ). This might have had some influence on susceptibility differences. However, the measuring procedure for the standard length of membrane did not take into account the convolutions of the surface. On maintenance, lung alveolar cells appeared to have developed three-to fivefold more receptors (Table 4) , corresponding with the increase in susceptibility, but a similar increase in receptors occurred for nasal turbinates with maintenance where susceptibility was unaltered. The reason for increase of receptors on the cells of maintained tissue is not known. These results and the well known fact that influenza virus adsorbs to many substrates (Schulze, I975) makes it unlikely that differences in virus adsorption determine the differences in susceptibilities between fresh lung and maintained lung and fresh nasal turbinates.
Fewer cells in fresh lung capable of supporting replication might have explained the low susceptibility compared with other tissues. However, the proportions and numbers of cells initially infected by a high inoculum were similar in all tissues (Tables 5 and 6 ). The proportion of susceptible cells in the nasal turbinates was less than twofold higher than that in lung for both fresh and maintained tissue. It is unlikely that this small difference contributed much to the large difference in susceptibility between fresh tissues because it remained the same for maintained tissues where susceptibility differences were diminished. Furthermore, there were no consistent significant differences between the proportions of susceptible cells in fresh and maintained lung which differ greatly in susceptibility.
Differences between fresh and maintained lung in virus yields at 24 h p.i. were probably determined during the first cycle of replication, since the susceptibility of fresh lung had significantly increased by the second and subsequent cycles (Kingsman et al. I977) . If differences in susceptibility were determined solely by differential ease of initiation of the first cycle of infection, there should have been large differences in the proportions of cells initially infected by the low inocula that produced large differences in virus yields at 24 h p.i. (Fig. I) and little difference in the proportions of cells infected when virus yields were similar. At low inocula, differences in the proportions of initially infected cells (Table 7) corresponded to different susceptibilities but they were not statistically significant nor marked enough to account for the large differences in virus yields at 24 h p.i. Thus, an inoculum of 4"6 log10 EBIDso produced 3"6 and 4"t log10 EBIDs0 of virus respectively from maintained lung and fresh nasal turbinates but only 2.2 log10 EBIDs0 from fresh lung (Fig. I) ; and the corresponding proportions of initially infected cells were I.o and o'4 and o'3 respectively (Table 7) . Although, with an inoculum of 4"6 log~0 EBID~0, I-o ~ of cells became infected initially in maintained lung compared with o'3 ~ in fresh lung, even if I.o % of the cells had been infected in the latter, the virus yield at 24 h p.i. would have been much less than 3"6 loglo EBIDso. A yield of 3"6 loglo EBIDso was produced by fresh lung only with an inoculum of 6.6 log10 EBIDs0 (Fig. I ) when 7 to I3 % of the cells were initially infected (Tables 5 and 6 ) and when fewer cells (2"5 %) were infected with an inoculum of 5"6 log10 EBIDs0 (Table 7) the virus yield at 24 h p.i. was reduced to 3"I log10 EBIDs0 (Fig. I) . Furthermore, the difference in cells infected between fresh nasal turbinates and fresh lung was even smaller, o'4 % compared with o'3 %, yet virus yields at 24hp.i. were markedly different (4.I log10 EBIDs0 and 2-2 log~0 EBIDs0 respectively). Hence, ease of initiation of infection did not seem to play a major role in the differences in susceptibility, although the slight inhibitory activity found in extracts of fresh lung might have accounted for the slightly lower proportions of cells in fresh lung infected with low inocula (Table 7) -However, a factor found in a tissue homogenate may not be operative in the intact tissue where the different cells and their contents are separate.
Although differences in initiation of the first replicative cycle in susceptible ceils might have some bearing on the differences in susceptibility between fresh lung and fresh nasal turbinates and maintained lung, a more likely explanation for the low susceptibility of fresh lung is that the probability of re-infection of cells after the first cycle of replication is low. This could be due to the liberation of a smaller amount of virus (cf. St Geme, Davis & Martin, I974) or to the progeny virus having a reduced capacity to infect further cells because of some change in its surface components (Laver, I963; Klenk & Choppin, I97o; MeierEwert & Dimmock, I97O; Klenk et al. 1975; Lazarowitz & Choppin, I975; Scholtissek, I975) or the presence of a large proportion of defective interfering particles (Huang, I973). Interferon induced during the first cycle could have limited subsequent infection but it appears to be ineffective against influenza virus in vivo (McLaren & POtter, I973) . Replication in fresh lung might have been slower than in maintained lung and nasal turbinates although the rate of fluorescent staining and intracellular antigen distribution were similar in all tissues suggesting similar replication kinetics. These possibilities will be investigated in future work.
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